1. Introduction {#s0005}
===============

Patients with obsessive--compulsive disorder (OCD) get stuck on a particular aversive thought or urge and just cannot let go compensatory behaviors like hand washing or controlling. Qualitatively similar thoughts or actions are common in everyday life but are usually terminated in time in non-OCD subjects. Empirically, there is strong evidence from resting state, symptom provocation as well as treatment studies that the disease is associated with dysfunctional brain structures including the basal ganglia, the thalamus, as well as frontal and parietal cortex structures ([@bb0005]). Activation of these regions is provoked by cues associated with symptoms and appears to reflect processing of negative mood states ([@bb0010; @bb0015]). Brain regions implicated in OCD are also involved in tasks related to monetary reward and punishment. From a clinical perspective, responses to anticipated reward and punishment may be crucial for obsessive--compulsive behaviors. Compulsive behaviors are purported to reduce distress and anxiety ([@bb0020]), that is they are experienced as immediate avoidance of punishment. There is also evidence for higher sensitivity to punishment in patients with OCD on the behavioral level ([@bb0025]). It is therefore a central question of OCD pathopsychology how avoidance of punishment relates to activity within the brain\'s reward circuitry.

So far, two studies challenged the reward circuitry in obsessive--compulsive disorder ([@bb0030; @bb0035]). While [@bb0035] found no group differences, [@bb0030] reported attenuated activity within the dorsal striatum of OCD patients during reward anticipation. Additionally, Jung et al. found decreased activity within the dorsal striatum in OCD upon loss receipt while Figee et al. did not analyze loss receipt (because they restricted their experimental design to stimuli indicating reward). Therefore, heterogeneity of these results may be due to distinct differences in experimental task design. Nevertheless, both studies showed for the first time evidence for altered brain activity in OCD in the context of monetary incentive delay tasks.

During the last decade the monetary incentive delay task paradigm ([@bb0040]) was employed in numerous FMRI studies in health and disease ([@bb0045; @bb0050; @bb0055; @bb0060; @bb0065]). The experimental paradigm in its original form is optimized for modeling the anticipation phase of immediate reward and punishment. In healthy participants anticipation of rewards and losses was repeatedly found to be associated with BOLD responses in thalamic, striatal and frontal brain structures in healthy subjects ([@bb0070; @bb0075; @bb0080; @bb0040; @bb0085]). More specifically, mesial prefrontal cortex (MPFC) activity preferentially tracks rewarding outcomes ([@bb0090]). Activity of a caudate region during anticipation of both reward and punishment was shown to code for expected outcome magnitude whereas ventral striatal activity was associated with expected positive incentive valence ([@bb0040]). Dopamine release from ventral tegmental area (VTA) neurons projecting to cortical and subcortical regions is increased during reward expectancy ([@bb0095]), and hence drives activity in the ventral striatum and the MPFC. Further, serotonergic transmission in the forebrain regulates decision making and motivated choices about obtaining reinforcers ([@bb0100; @bb0105]).

Following this line of research the aim of the present study was to elucidate neural correlates for the proposed hypersensitivity to punishment in OCD within the brain\'s reward circuitry using the monetary incentive delay task focusing on the anticipation phase of incentive processing. According to the literature we hypothesized that hemodynamic activity of the ventral and dorsal striatum, thalamus, cingulate and medial prefrontal cortex would be altered during anticipation of reward and punishment in OCD. Because of indecisive evidence with respect to increased or decreased brain activity in OCD patients relative to healthy controls we refrained from postulating directions of effects. We were additionally interested whether clinically assessed symptom severity and hemodynamic activity would be correlated.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0030}
-----------------

Patients (n = 19) were consecutively recruited from the OCD outpatient clinic at the Humboldt-Universität zu Berlin. They fulfilled DSM-IV criteria for obsessive--compulsive-disorder (300.3), and were currently or had recently been under treatment with cognitive-behavioral psychotherapy. The Structured Clinical Interview for DSM-IV (SCID; German version: [@bb0110]) was used by a trained clinical psychologist not involved in the study to confirm clinical axis I diagnoses. Severity of OCD symptoms was evaluated using the Yale-Brown Obsessive Compulsive Scale (Y-BOCS: [@bb0115]). Patients with past or present psychotic symptoms, or with past or present substance dependence, and with known or self-reported head trauma or neurologic disease were excluded. Ten patients had comorbid diagnoses (affective disorder, *n* = 7; phobic disorders, *n* = 3; impulse control disorder, *n* = 1; personality disorder, *n* = 3). Three out of the 19 patients were taking antiobsessional drugs (one clomipramine 10 mg/d, one venlafaxine 75 mg/d, and one a combination of clomipramine 75 mg/d and paroxetine 30 mg/d). No patient took benzodiazepines within 4 weeks before the scanning session.

Additional information with respect to symptom profiles according to the Y-BOCS symptom-checklist for all available OCD patients (*n* = 17), which were summarized using a recently described method ([@bb0120]) is provided as *supplementary material* (Table S1a and b).

Participants of the control group (*n* = 19) were matched to the patients regarding gender, age, handedness, and verbal intelligence ([Table 1](#t0005){ref-type="table"}). None of them had present signs or a history of psychiatric or neurologic disorder according to a SCID-I-based screening interview. They also reported to not having used psychoactive drugs during the past 3 months.

All participants had normal or corrected-to-normal vision. They completed a German vocabulary test (Wortschatztest, WST: [@bb0125]), the Edinburgh Handedness Inventory (EHI: [@bb0130]), and the State-Trait Anxiety Inventory (STAI: [@bb0135]). OCD patients were additionally assessed using the Obsessive--Compulsive Inventory-Revised (OCI-R: [@bb0140]), and the Beck Depression Inventory (BDI: [@bb0145]). All participants gave written informed consent according to the institutional guidelines before enrollment. The study was approved by the local ethics committee.

2.2. Task {#s0035}
---------

The task ([Fig. 1](#f0005){ref-type="fig"}) was adapted from the monetary incentive delay task (MID) as described by [@bb0040]. There were seven different types of trials: three trial-types with the possibility of winning money on a correct (i.e. timely) button press (reward trials), three trial-types with the possibility to avoid losing money on a correct button press (loss-avoidance trials), and in the remaining trial-type there were no monetary consequences at all (neutral trials). At the beginning of each trial, one of seven different cues was shown to indicate trial type. Participants were asked to press a button as soon as the target stimulus (gray colored square) appeared. Depending on the performance (i.e. timely motor response) participants received feedback about winning or losing money. Each run consisted of 72 trials, i.e. 27 gain, 27 loss, and 18 neutral trials with each trial lasting for 11.6 s on average (see [Fig. 1](#f0005){ref-type="fig"} for details). Subjects performed the task three times in succession. The first run was a training session while structural MR-sequences were obtained, and the remaining two runs were conducted subsequently. Task difficulty was continuously adapted to come up with a 66% success level in each subject across a task run. This was achieved by using individually tailored reaction times of the training session, and by adapting the response deadline as a result of the averaged reaction times in previous trials and the correctness of the immediately preceding trial during the test runs. Participants effectively received the money they had earned in the game. After the end of the session, they reported whether they had in fact believed in this announcement. From the two task sessions during which FMRI was done, one was selected for final analysis. This selection was made with the aim to match patient and control groups for global performance according to their success level, i.e. total earnings. Selection was carried out blind to FMRI results. The number of sessions selected from first and second runs was comparable in patients and controls (OCD 8/11; controls 9/10). Subsequently, both runs were included in an additional analysis in order to ensure whether FMRI findings remain constant.

2.3. FMRI acquisition {#s0040}
---------------------

Data were acquired on a 1.5 T MR scanner equipped with a circular-polarized headcoil (Siemens Sonata, Erlangen, Germany) with an T2\*-weighted single-shot gradient echo planar imaging sequence: 33 slices, 3 × 3 × 3.5 mm resolution, TE = 40 ms, TR = 1.87 s, flip angle = 90°, interleaved acquisition (from bottom to top), 450 AC-PC oriented images for each run. A vacuum head cushion was used to immobilize the participants\' heads and necks in order to reduce movement artifacts. Earplugs were provided to attenuate background noise and additional headphones were used to communicate with subjects. Stimuli were generated using Presentation (Neurobehavioral Systems) and were projected by means of a mirror system attached to the head coil. Anatomical high-resolution T1-weighted scans (spatial resolution 1 × 1 × 1 mm, TR = 12.24 ms, TE = 3.56 ms, flip angle = 23°, 256 × 224 matrix) ([@bb0150]) were acquired during the training session of the MID task.

2.4. Statistical analysis {#s0045}
-------------------------

*T* tests for independent samples were computed to compare the samples for age, verbal intelligence, handedness, sum of earnings in the MID task, and STAI-X1 and X2 test scores. Behavioral data were analyzed with repeated measures ANOVAs (reaction times: group (2) × cue (7)); proportion of delayed responses: group (2) × condition (reward, neutral, loss-avoidance). FMRI data were analyzed with SPM8 ([www.fil.ion.ucl.ac.uk/spm](http://www.fil.ion.ucl.ac.uk/spm)). First, the original data files were converted from Dicom to Nifti file format. The first four volumes of each functional time series were discarded in order to avoid non-steady state effects caused by T1 saturation. After slice time correction, all volumes were realigned to the first volume in order to correct for between-scan movements and to remove signals correlated with head motion. Motion correction estimation revealed that no subjects showed more than 2 mm head movement and more than one degree of rotation during one run. The anatomical data set was coregistered with the mean T2\* image, and T1-weighted images were segmented into gray matter, white matter, and cerebrospinal fluid. The gray matter of the coregistered structural image was spatially normalized to the standard template provided by the Montreal Neurological Institute (MNI template) using an automated spatial transformation. The resulting transformation matrix was subsequently applied to the T2\* data, and a resampling to a resolution of 3 × 3 × 3 mm voxel size was performed. Finally, the normalized images were smoothed with a Gaussian kernel (full width at half maximum) of 8 mm to create a locally weighted average of the surrounding voxels. FMRI data were then analyzed in the context of the general linear model ([@bb0155]) by convolving the regressors with a canonical hemodynamic response function as implemented in SPM8. Data analysis was performed by modeling the different cue conditions. Changes in the BOLD response were assessed using linear combinations of the estimated GLM parameters (beta values) and are contained in the individual contrast images for the anticipation of monetary reward versus no consequence, and the anticipation of loss-avoidance versus no consequence, resulting in a *t* statistic for each voxel. To detect differences in BOLD responses, individual contrast images (i.e. the BOLD response differences) of all subjects in each group were included in a second-level random effects analysis with a group (2) × condition (2; anticipation of reward versus loss avoidance) × amount of consequence (3; low vs. medium vs. high) ANOVA model. All presented results relate to random effects analyses and thus include a group by subject response interaction term. In order to ensure valid statistics on the group level we employed an approach with partitioned error terms as implemented with GLMFlex (extension to SPM8: GLM Flex, <http://nmr.mgh.harvard.edu/harvardagingbrain/People/AaronSchultz/Aarons_Scripts.html>) and two-sample *T* tests (which are not prone to false between-subjects statistics within SPM). Because between-subjects effects are overestimated within SPM8 for group model statistics, additional interaction terms for between-subjects error and within-factor error are included into second-level model analysis. Statistical significance for the main effects of condition was set to *p* \< .05 (family wise error rate \[FWE\] whole-brain corrected for multiple measurements) for gain or loss \> neutral; *p* \< .05 (false discovery rate \[FDR\] whole-brain corrected for multiple measurements) for gain \> loss, and to *p* \< .01 (corrected with a cluster-size based correction for multiple comparisons) for group effects: By using a combination of probability thresholding and cluster thresholding the power of the statistical test is maximized while holding the likelihood of false positives to a minimum. The Alphasim program (<http://afni.nimh.nih.gov/pub/dist/doc/program_help/AlphaSim.html>) as implemented in Resting-State fMRI Data Analysis Toolkit V1.5 (<http://www.restfmri.net>) was used to determine the cluster threshold. The program is provided with the number of voxels in the group map, the spatial correlation of voxels, and the voxelwise threshold (in this study, *t* \> 3.66, *p* \< .001). A series of Monte Carlo simulations (10,000 iterations for our study) was then carried out to determine the frequency of each conforming cluster size produced purely by chance. From this frequency distribution, the cluster size (1701 microliter given our parameters) that occurs \< 1% of the time by chance could be selected, to give a threshold of *p* \< .01 (corrected). Transformation from MNI to Talairach coordinates was performed according to [@bb0160]. For the correlation of BOLD contrasts in regions of interest with clinically assessed OCD symptom severity, Y-BOCS ratings were used.

3. Results {#s0015}
==========

3.1. Total earnings {#s0050}
-------------------

Mean earnings (± *SD*) amounted to € 21.80 ± 7.80 in the OCD group and € 22.00 ± 6.40 in the control group. Success rates were held close to 66% in each subject due to an adaptive procedure (see [Materials and methods](#s0010){ref-type="sec"} section).

3.2. Types of responses {#s0055}
-----------------------

We classified responses as correct, delayed or omitted. Omitted responses, i.e. no response or a response with a reaction time of more than 1000 ms, were rare with less than 2% in each group. Delayed responses, i.e. responses after the individually defined deadline but within 1 s, occurred with an overall rate of 31.6%. For delayed responses, there was no main effect of group, *F*(1,36) = 0.514, *p* = 0.48, and no main effect of condition (reward, neutral or loss-avoidance), *F*(2,35) = 0.11, *p* = 0.74, but a significant interaction of condition with group (*F*(2,35) = 4.098, *p* = 0.05). This interaction reflects that the OCD group showed fewer delayed responses in loss-avoidance trials (26.9%) than in reward trials (33.1%), whereas the opposite was true in the control group (29.6% vs. 25.1%, respectively, see [Fig. 2](#f0010){ref-type="fig"}).

3.3. Response times {#s0060}
-------------------

Response times are depicted in [Fig. 3](#f0015){ref-type="fig"}. Mean response time was similar in the OCD group (222 ms ± 36 *SD*) and the control group (218 ± 43), the main effect of group being non-significant (*F*(1,36) = .22, *p* = 0.64). There was a significant main effect of cue (*F*(6,31) = 22.25, *p* ≤ 0.001), but no interaction of cue with group (*F*(6,31) = 1.285, *p* = 0.293). *Post hoc* tests showed no differences between groups for any cue (all *p* \> 0.13).

3.4. BOLD results {#s0065}
-----------------

### 3.4.1. Condition effects {#s0070}

The BOLD responses contrasting anticipation of reward or loss-avoidance with anticipation of the neutral condition revealed several active brain regions (Fig. S2 and Table S2) including bilateral cerebellum, (pre-) cuneus, midbrain, thalamus, dorsal striatum, ventral striatum, cingulate cortex, medial frontal cortex, precentral gyrus, insula, and parietal regions. In general, the pattern of activation was similar for both types of anticipated consequences but less pronounced for anticipation of potential loss. Significantly more activation in the reward than in the loss-avoidance condition was found in the striatum (dorsal and ventral) and the medial prefrontal cortex/cingulate gyrus (*p* FDR corrected at 0.05). No region was more activated in the loss-avoidance than in the reward condition at this threshold. In addition, we also found magnitude effects for the different cues (data not shown) similar to those previously reported by [@bb0040].

### 3.4.2. Group effects {#s0075}

There was no main effect of group in the hypothesized brain regions of the reward circuitry, i.e. thalamic, dorsal and ventral striatal, cingulate, and medial frontal regions. To illustrate this finding, [Fig. 4](#f0020){ref-type="fig"} shows BOLD contrast estimates for the head of the caudate nucleus and the ventral striatum. For the caudate nucleus, there were cue effects (*F*(6,31) = 10.81, *p* ≤ .01) but no group differences (*F*(1,36) = 0.83, *p* = .42), and also no interactions of group × cue (*F*(6,31) = 0.71, *p* = .64); similarly, for the ventral striatum cue effects (*F*(6,31) = 5.43, *p* ≤ .01), but no group differences (*F*(1,36) = 0.91, *p* = .37), and no interactions of group × cue (*F*(6,31) = 1.04, *p* = .29) were found. In order to corroborate these null findings we included both runs, disregarding overall behavioral performance. Again we did not find evidence for group differences in dorsal or ventral striatal regions even with a more liberal statistical threshold of *p* = .005 (uncorrected).

An interaction of group by condition (reward vs. loss-avoidance) was found in a medial prefrontal/cingulate region ([Fig. 5](#f0025){ref-type="fig"} and [Table 2](#t0010){ref-type="table"}) indicating differential activation patterns during anticipation of reward versus loss in OCD and control samples. This interaction was also observed at the same statistical threshold in an additional analysis controlling for trait anxiety. Trait anxiety was measured with the STAI-X2, and patients reported higher anxiety levels. We noted no other significant interactions of group with condition even at a more liberal threshold of *p* \< .001, uncorrected. A supplementary analysis of a subgroup of patients without comorbid major depression and their matched healthy controls (*n* = 12 vs. 12) revealed similar results (Fig. S3).

Both runs were included in an additional analysis in order to ensure whether FMRI findings including all patients and controls remain constant. The interaction of group by condition diminished but remained at a more liberal threshold of *p* \< .005, not corrected for multiple measurements (data not shown).

### 3.4.3. Correlations of BOLD responses and symptoms {#s0080}

After extracting volumes of the ROIs, which were defined by the clusters showing significant group x condition interaction ([Table 2](#t0010){ref-type="table"}), individual contrast parameters (gain and loss versus neutral) were computed and correlated with Y-BOCS ratings. Y-BOCS ratings did not correlate significantly with BOLD responses.

4. Discussion {#s0020}
=============

4.1. Behavioral performance {#s0085}
---------------------------

Both groups showed comparable behavioral performance. Reaction times varied as a function of monetary value, i.e. decreased with increasing magnitude of the consequence. A two-thirds success level was established using an individual adaptation procedure for response deadlines. This was done because the reward system is best stimulated by rewards which have moderate predictability ([@bb0165]): The effort a person expends on obtaining an object signaling reward (or avoiding loss), is highest for surprising rewards ([@bb0170]) and decreases for random or continuously occurring reinforcement. Magnitude of reward expectation is therefore critical for maintaining a functional level of reward-directed behavior, which itself is associated with phasic dopaminergic release ([@bb0175; @bb0180]). Likewise, in the MID task used in the present experiment anticipation of monetary gains or losses is assumed to motivate subjects to expend efforts in responding as quick as possible ([@bb0080]). Because overall reaction times were not different between groups OCD is not associated with general slowing of motor responses, nor with any alteration of the global motivational level.

### 4.1.1. Bias towards avoidance of aversive stimuli in OCD {#s0090}

Patients with OCD showed a relative decrease of delayed responses after loss-indicating cues compared to cues indicative for reward. This suggests that anticipated losses might have higher motivational significance than anticipated rewards. The effect size of the interaction was small which is comprehensible as groups were matched according to their general performance thus reducing possible effects. This finding fits well into clinical symptom descriptions ([@bb0185]), and was recently described more formally in patients with hoarding symptoms as well as subjects with subclinical obsessive--compulsive states ([@bb0025; @bb0190]). Cognitive models of obsessive--compulsive psychopathology state that patients overestimate the probability of negative events in unpleasant or threatening situations ([@bb0185; @bb0195]). Accordingly, patients should be more motivated by loss-avoidance than by direct reward which is supported by our data. It is tempting to speculate that certain dimensions of OCD psychopathology show different sensitivity to reward and punishment. This would be clinically important because therapeutic strategies should then be adapted to such differential reinforcement sensitivity. Obsessive--compulsive symptom dimensions have been shown to be underpinned by partly distinct cortical and subcortical brain activities ([@bb0200; @bb0205]). Further research is needed to compare larger patient samples with variance in their symptom dimensions ([@bb0120]) regarding sensitivity to reward and punishment.

4.2. BOLD results {#s0095}
-----------------

BOLD responses for anticipation of potentially motivating consequences revealed activation patterns which were similar to those described in several previous studies ([@bb0070; @bb0075; @bb0080; @bb0040; @bb0090; @bb0085]). Activations were found in key regions of the reward circuitry including the ventral striatum and the caudate nucleus, demonstrating that the experimental paradigm revealed expected results thus enabling us to test the hypothesis that OCD patients show altered neuronal responses during anticipation of secondary reinforcers.

### 4.2.1. Similar subcortical brain activity during anticipation of reinforcement in OCD {#s0100}

We observed no overall increase or decrease of brain activity in basal ganglia structures in OCD patients. Notably, key regions of the reward circuitry as the ventral striatum and the caudate nucleus showed similar activity in both groups during reward and loss anticipation. These results let us conclude that there is no global or trait-like hyper- or hypoactivity of the basal ganglia and connected cortical regions during anticipation of reinforcement. This finding is in agreement with [@bb0035], who also did not find altered striatal brain activity in OCD patients during anticipation of secondary reinforcers.

### 4.2.2. Discrepant findings in the literature {#s0105}

But contrary to Jung et al. and our results [@bb0030] observed attenuated BOLD activity of the caudate nucleus during anticipation of reward in patients with OCD. Note, however, that the authors labeled their reported MNI coordinates as nucleus accumbens, although a Talairach based localization ([@bb0210; @bb0215]) would better indicate a region in the dorsal striatum for these coordinates.

Studies of the human striatal architecture distinguishing the ventral striatum from dorsal caudate also show that the localization of Figee et al.\'s results correspond to a caudate brain region ([@bb0220; @bb0225]). This inconsistency might be of importance in this context because conclusions based on nucleus accumbens or caudate nucleus would differ regarding the involved mesolimbic or nigrostriatal pathways ([@bb0230]). It was shown that dorsal striatum codes for expected outcome magnitude whereas ventral striatal activity codes more for expected positive incentive valence ([@bb0040]).

Also, study and task design differ in several important aspects: Symptom severity was higher in the patient sample of [@bb0030]. In addition, they presented rewarding consequences only but no loss trials. Further, a slow paced version of the task was used with the aim to disentangle anticipation and delivery of reward. Finally, the authors used a reward probability of 50% during rewarding trials to maximize reward uncertainty whereas we employed a reward probability of 66% with lower reward uncertainty. Regarding the differences in symptom severity it cannot be excluded that attenuated hemodynamic activity in OCD during reward anticipation in the dorsal striatum is restricted to patients with severe symptoms. It has been described that so-called punishers induce negative emotional states of anger or fear. Because of the different rewarding scheme used by Figee et al. without any loss trials triggers for negative emotional states were not present ([@bb0165]). Consequently, participants of our study were in need of differentiating motivational valence of consequences. This might have some impact both on the behavioral and hemoynamic level.

Both, Figee et al.\'s and our study, employed reward probabilities which ensured reward-directed behavior associated with phasic dopaminergic activity ([@bb0175; @bb0180]). Figee et al. additionally maximized reward uncertainty which was shown to be associated with an increase of tonic dopaminergic activity in ventral midbrain areas until the time of reward delivery ([@bb0235]). The dopaminergic coding of uncertainty was interpreted to correspond to attention-based learning. Therefore, it might be speculated that the differences between our and Figee et al.\'s findings trace back to a nonselective form of attention or arousal designed to aid the learning of predictive stimuli and actions ([@bb0235]), which was triggered in Figee et al.\'s task design and attenuated in patients. Although we found no evidence for decreased BOLD activity in the dorsal or ventral striatum our patients showed more delayed responses for gain stimuli as indicated by the significant group by reinforcement interaction. On the behavioral level, this is in some accordance with Figee et al.\'s finding showing significantly slower responses of patients during reward anticipation.

Our results are not in agreement with those of [@bb0035] insofar as they reported reduced activation in the lateral prefrontal cortex and increased activity in the anterior insula of the patient group during loss anticipation. As the authors did not report response times broken down by conditions it is difficult to fully evaluate their findings, because the possibility of differences in the neutral condition between patients and controls cannot be ruled out. Taken together, evidence is not conclusive so far as to whether the ventral and the dorsal striatum show aberrant activations during anticipation of reinforcement. The present study showed no evidence for disease-related activation changes in the striatum during reinforcement learning.

### 4.2.3. Medial prefrontal brain activation to anticipated reward and loss {#s0110}

We observed a group by condition (anticipation of gain versus loss) interaction localized in a medial frontal/cingulate region. Patients showed less BOLD activity in this region during anticipation of reward and more after loss-indicating cues. Thus, the mentioned region appears to be involved in disorder-related changes of sensitivity for reward and punishment. The medial frontal region partly corresponds to the supplementary motor area (SMA-proper) and the pre-SMA, respectively ([@bb0240]). The pre-SMA lies rostral to the SMA-proper and is sometimes considered as being part of the anterior cingulate cortex ([@bb0080]). The SMA is implicated in specific motor events ([@bb0245]) but has also been shown to mediate the sense of an impending movement without any overt motor event ([@bb0250]). The pre-SMA is involved in the preparation of actions and has tight connections to dorsolateral prefrontal, anterior cingulate and inferior parietal regions ([@bb0255]). Thereby, it also underpins cognitive-affective processes.

We showed previously in a study of cardiovascular arousal and interoceptive awareness that negative feelings correlate with the BOLD response in the dorsal cingulate gyrus extending into the dorsomedial prefrontal cortex in healthy subjects ([@bb0260]). That region is virtually identical with respect to Talairach coordinates to the region implicated here. Also, other groups described associations of medial frontal and cingulate areas with negative emotions, threat appraisal, response conflict, and detection of unfavorable outcomes, especially in relation to the self ([@bb0265; @bb0280; @bb0270; @bb0275]). In an extensive review including a quantitative coordinate-based meta-analysis of cingulate cortex findings [@bb0275] report evidence that the anterior midcingulate cortex (aMCC) implements a domain-general process that is integral to negative affect, pain and cognitive control. The aMCC corresponds closely to our observed cluster involved in the regulation of sensitivity for reward and punishment. According to the *adaptive control hypothesis* proposed by [@bb0275] the aMCC uses information about punishment to control aversively motivated actions by integrating signals arriving form subcortical regions (amygdala, striatum) and insula. Accordingly, our results might indicate altered frontostriatothalamic circuitry signaling in OCD patients.

### 4.2.4. Different processing of motivating consequences in OCD {#s0115}

Although our patients did not report to consciously focus attention away from reward-indicating to loss-indicating cues, they appear to employ a different processing routine. Evaluation of situations implicating the possibility of gaining or losing a reinforcer appears to be associated with activity in the medial frontal/cingulate brain region. It is tempting to speculate that processing of motivating consequences is different in patients: adopting a pessimistic view, possibly reinforcing events may be perceived as indicating threat because patients with OCD overestimate the probability of loss ([@bb0195]). Such cognitions might then coactivate brain regions more relevant for threat processing and negative affect. In a sense, there seems to be medial prefrontal involvement for providing additional computing recources, which may partly account for the altered sensitivity for reward. This finding may then represent a top-down mechanism involved in an effort to compensate for inadequate representation of negative feelings, rather than being due to a dysfunctional reward circuitry related bottom-up process. Hence, a different processing scheme of negative feelings could relate to the pessimistic view in patients with OCD concerning the overestimation of the probability of not being rewarded or being able to avoid loss even in overall rewarding situations.

There was no significant correlation with symptom severity within the patient group. Further empirical corroboration is needed because correlations are not sufficiently robust with relatively small sample sizes as used in our study as well as in most current FMRI studies.

4.3. Conclusions {#s0025}
----------------

Limitations of this study include the sample size, which does not allow to analyze symptom dimensions with reasonable statistical power. Another limitation is that we analyzed local activations only, without considering connectivity between regions, e.g. of the frontostriatothalamic and limbic circuitry. Therefore, we cannot definitely conclude about possible connectivity alterations during reinforcement learning. Further research should include functional and effective connectivity analyses. Also, studies should systematically vary reward uncertainty and probability, positive and negative incentive valence, and outcome magnitude.

Strengths of the present study are the use of the MID task which is an accepted means to challenge reward circuitry, and the well matched samples including matched behavioral performance.

Altogether, the main findings of this study area)increased delayed reactions after gain-indicating and less delayed reactions after loss-indicating cues in patients with OCD, suggesting a bias towards avoidance of aversive stimuli;b)no significant differences in dorsal and ventral striatal BOLD response during gain or loss anticipation, andc)a role of the medial frontal/cingulate region mediating altered sensitivity of patients with OCD for the anticipation of money gains or impending money losses. This alteration might be related to cortical processing of negative affect.

Appendix A. Supplementary data {#s0120}
==============================

Supplementary material.Fig. S1: Masks of analyzed voxels.Fig. S2: BOLD main effects of the MID task for each group separately.Fig. S3: Interaction of group by condition without patients with comorbid major depression.Table S1a and b: Yale-Brown Obsessive Compulsive Checklist data.Table S2: Location of activated clusters for gain and loss versus neutral, and gain versus loss for each group (Fig. S2).
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![Monetary incentive delay task (MID). (a) the diagram shows the different trial types and (b) the course of one trial. In this example the subject did not respond in time and therefore was punished with a reduction of the total winning sum by 3 Euro (i.e. winnings were reduced from € 12.60 to € 9.60). Participants started with a credit of 5 Euro; the possible maximum sum of winnings was € 38.30.](gr1){#f0005}

![Delayed reactions. The bargraph visualizes the proportion of delayed responses for each group and condition, and shows the significant interaction of group × condition (*F*(2,35) = 4.098, p = 0.050). Different magnitudes of rewards and losses are collapsed.](gr2){#f0010}

![Mean response times for each group and cue. Post hoc tests showed no differences between groups for any cue (all *p* \> .05; for neutral condition: t\[36\] = 1.54, *p* = .132, two-sided *t* test).](gr3){#f0015}

![BOLD contrast estimates (mean ± SEM) for each cue relative to the neutral cue for the head of the caudate nucleus (left) and the ventral striatum (right). Estimates of patients (black) and controls (white) are depicted with different bars. Note the parametric effect of cue in both regions (see [Results](#s0015){ref-type="sec"} section).](gr4){#f0020}

![The diagram shows two perspectives on the interaction group by condition (reward or loss-avoidance). (a) Statistical parametric maps are projected onto a brain template in MNI space (*p* \< .01 corrected with a cluster-size based correction for multiple comparisons). The axial, sagittal and coronal slices show the interaction in medial frontal/cingulate regions. (b) BOLD contrasts in the region comprising superior/medial frontal and cingulate voxels show significantly more activation in OCD patients under loss-avoidance conditions but less activation under reward conditions (loss-avoidance: *t*(36) = − 2.489, *p* = .018, gain: *t*(36) = 2.906, *p* = .006).](gr5){#f0025}

###### 

Demographic and psychometric data and total earnings in the MID task of OCD patients and matched healthy controls; comparisons are based on two-sample *t* tests.

  *N* = 19 vs. 19          OCD (M ± SD)   Control        *t* (*p* value)
  ------------------------ -------------- -------------- -----------------
  Sex \[female (male)\]    11 (8)         11 (8)         
  Age                      34.8 (11.0)    34.9 (11.8)    0.03 (.98)
  Intelligence (verbal)    104 (10)       107 (12)       − 1.07 (.29)
  Handedness               77 (55)        67 (47)        0.65 (.52)
  STAI-X1 (state)          54 (13)        49 (6)         1.61 (.12)
  STAI-*X*2 (trait)        61 (13)        50 (6)         3.32 (.002)
  Earnings in €            21.80 (7.80)   22.00 (6.40)   − 0.07 (.95)
  Y-BOCS (*range* 9--39)   20.7 (7.9)                    
  OCI-R (*range* 9--61)    24 (14)                       
  BDI (*range* 0--38)      17 (11)                       
  Medication (*N*)         3                             
  Comorbidity (*N*)        10                            

###### 

Location of activated clusters in MNI stereotactic space for the interaction group × type of consequence (*p* \< .01 corrected with a cluster-size based correction for multiple comparisons).

  -----------------------------------------------------------------------
  Anatomical region\           Hemisphere   *Z* value   *x*   *y*   *z*
  (Brodmann area)                                                   
  ---------------------------- ------------ ----------- ----- ----- -----
  Superior frontal gyrus (6)   R            3.6         9     3     63

  L                            3.45         − 2         6     53    

  Cingulate gyrus (24)         R            3.57        12    0     45

  R                            3.49         6           0     45    

  Medial frontal gyrus (32)    R            3.51        3     6     48
  -----------------------------------------------------------------------
